Common Bacterial Blight Resistance QTL BC420 and SU91 Effect on Seed Yield, Seed Weight, and Canning Quality in Dry Bean
Phillip N. Miklas,* Deidré Fourie, Bernardo Chaves, and Constance Chirembe Resistance quantitative trait loci (QTL) from tepary bean (Phaseolus acutifolius A. Gray) have been used to develop dry bean lines with high levels of CBB resistance. This study examines the effects that two QTL from tepary bean BC420 (B) on chromosome Pv06 and SU91 (S) on Pv08 have on agronomic (seed yield and seed weight) and canning quality traits (water uptake, percentage washed drained weight [PWDWT] , texture, and visual appearance). Sixteen small white dry bean near-isogenic lines, representing four homozygous genotypes for the BC420 and SU91 QTL BBSS, bbSS, BBss, and bbss, the donor resistant parent Teebus-BC5 (BBSS), and the recurrent susceptible parent 'Teebus' (bbss) were tested in replicated, inoculated and non-inoculated field plots across five environments in South Africa. Plots were inoculated with a mixture of Xanthomonas axonopodis pv. phaseoli and X. fuscans sbsp. fuscans isolates. The BC420 and SU91 QTL did not cause a yield penalty in non-inoculated plots in environments with low to no disease. SU91 provided yield protection under severe disease pressure, and both QTL in combination reduced disease severity score under moderate to high disease pressure. Seed weight was maintained in lines with the QTL under severe to moderate pressure and was unaffected by the QTL in low-to no-disease environments. Water uptake was significantly reduced in genotypes with BC420 (BBSS, BBss) and likely influenced traits measured subsequently: lower PWDWT, firmer texture, and less attractive visual appearance, which contributed to a reduced canning quality overall. Deployment of BC420 and SU91 QTL can be safely recommended for control of CBB, as no agronomic penalty was observed in CBB-free conditions, but canning quality should be closely monitored in lines with BC420 QTL. of resistance, have been around for decades. These cultivars derive resistance primarily from the great northern landrace cultivars, such as 'Montana No.5' and 'GN #1 sel 27' from North America (Miklas et al., 2003) .
Breeders continue to work toward obtaining higher levels of resistance for better disease control, as achieved in the VAX lines (Singh et al., 2001; Viteri et al., 2014a) , XAN lines (Beebe and Pastor-Corrales, 1991) , and Wilkinson lines (Zapata et al., 2004) . These lines achieve higher levels of resistance primarily by combining resistance genes from diverse sources, including different species (Singh and Muñoz, 1999) . The highest level of CBB resistance is found in tepary bean (Phaseolus acutifolius A. Gray), followed by moderate resistance in scarlet runner bean (Phaseolus coccineus L.), and moderately low levels of resistance in common bean (Singh and Miklas, 2015) .
Although breeding lines with higher levels of resistance have been released, few cultivars with similarly high levels of resistance have been realized. Perhaps exotic origin of the resistance genes contributes to negative "linkage drag" effects on yield and other commercial traits, making it difficult to develop resistant cultivars with acceptable agronomic traits. Moreover, resistance is quantitatively inherited and environmentally sensitive, all of which contribute to the difficulties in breeding cultivars with improved resistance to CBB (Singh and Miklas, 2015) .
The identification of major quantitative trait loci (QTL) controlling resistance to CBB (reviewed by Miklas et al., 2006a; Miklas and Singh, 2007; Viteri et al., 2014b; Singh and Miklas, 2015) has facilitated marker-assisted breeding for higher levels of CBB resistance into better-adapted and higher-yielding dry bean lines (Miklas et al., 2000; Mutlu et al., 2005a) . The QTL and linked markers, ultimately derived from great northern landrace and tepary bean, have been used to develop dry bean germplasm lines USDK-CBB-15 (Miklas et al., 2006b ), USWK-CBB-17 (Miklas et al., 2006c) , ABCP-8 (Mutlu et al., 2005b) , USCR-CBB-20 (Miklas et al., 2011) , and cultivars such as 'ABC-Weihing' (Mutlu et al., 2008) . Generally, the markers tightly linked with the QTL have been used for marker-assisted backcrossing and early-generation selection of the resistance genes, which is then followed up by traditional phenotypic selection using pathogen challenge in the greenhouse and field during later generations (reviewed by Viteri et al., 2014b; Singh and Miklas, 2015) .
The beneficial effects that major QTL have on reducing CBB severity is well documented for the newly released lines, but the influence that the resistance QTL may have on yield performance is relatively unknown. The objective of this study was to determine the effect of two major tepary-derived QTL (BC420 and SU91) for CBB resistance on yield performance, seed size, and canning quality in dry bean.
MATERIALS AND METHODS
For this study, we used 16 near-isogenic lines (NILs) from the backcross population Teebus*6/XAN 159, described in the Vandemark et al. (2008) study, that were homozygous for presence or absence of BC420 and SU91 QTL on chromosomes Pv06 and Pv08, respectively. These are well-known QTL for resistance to CBB in breeding line XAN 159 that ultimately derive from the tepary bean PI 319443 ( Jung et al., 1997) . The XAN 159 dry bean was selected by McElroy (1985) from an interspecific population developed between dry bean and tepary bean that was generated by Thomas and Waines (1984) . The QTL are referred to as BC420 and SU91, which represent the linked markers used to determine presence or absence of the QTL (Pedraza et al., 1997; Yu et al., 2000) .
The 16 NILs specifically represent BC 6 F 2:4 (Teebus*6/ XAN 159) lines that derive from single BC 6 F 2 plants and subsequent BC 6 F 3 progeny that were previously observed (Vandemark et al., 2008) , based on marker genotype and lack of segregation for disease reaction, to be fixed for presence or absence of the BC420 and SU91 QTL. Four NILs were selected for each homozygous genotypic class: both BC420 and SU91 QTL present (BBSS), SU91 QTL only (bbSS), BC420 QTL only (BBss), and no QTL (bbss).
'Teebus', released in 1980, has been a popular cultivar for the commercial white seed class grown in Republic of South Africa for many years. It has good canning quality and was used as the reference standard by the canning industry (van der Merwe et al., 2006) . Teebus has a determinate growth habit, small seed size (23 g 100 seeds −1 ), and is resistant to lodging and shattering. Teebus is highly susceptible to seedborne diseases such as anthracnose [Colletotrichum lindemuthianum (Sacc. et Magn.) ] and CBB but possesses the I gene for resistance to Bean common mosaic virus (Liebenberg et al., 2009) .
The CBB resistance from XAN 159 was systematically backcrossed into Teebus for five generations (Fourie, 2002a ). An advanced backcross line Teebus-BC5 (Teebus*5/XAN 159) with a high level of CBB resistance and presence of both SU91 and BC420 QTL-linked markers was obtained (Fourie, 2002a) . This Teebus-BC5 line was backcrossed to Teebus again by Vandemark et al. (2008) to study the allelic dose effect and interaction between the SU91 and BC420 QTL on the expression of resistance.
The 16 NILs, the susceptible recurrent parent Teebus, and the resistant donor parent Teebus-BC5 used in the last backcross were tested for yield performance in the Republic of South Africa across three locations in 2008 (Cedara, KwaZulu-Natal, planted 13 Dec. 2007; Greytown, KwaZulu-Natal, 30 Jan. 2008; Potchefstroom, Northwest, 18 Dec. 2007) and expected mean squares, causing some F tests to be negative (Moore and Dixon, 2015) . The Type III SS and the Satterthwaite (1946) method were used to estimate numerator and denominator df for the F tests for the sources of variation with random effects. For canning attributes, PROC GLM and PROC MIXED were used. Orthogonal contrasts to evaluate the genotype response of those with BC420 QTL against its absence were applied for some traits. Tests of significance for graphical presentation of yield and CBB score were based on 95% confidence intervals, and an F-protected LSD (0.05) was used for mean separation. Simple Pearson correlations were computed and tested between the traits on an individual-plot basis. Note that Bartlett's test (Steele and Torrie, 1980 ) indicated a lack of homogenous variance among trials, which necessitated log transformation of the data. The F-tests resulting from the real and log transformed data were near equal, so we chose to report the results based on the real data analyses.
RESULTS AND DISCUSSION
Seed Yield and Disease Severity Score A significant genotype ´ treatment interaction (Table 1) enabled us to examine the effect of the BC420 and SU91 QTL on seed yield in nondiseased environments. The inoculated treatment was used to examine the benefit of the QTL for protecting yield and reducing disease severity under CBB disease pressure. Note that the Greytown location in 2008 was dropped from the study because of extremely poor growth, as evidenced by an average yield of 300 kg ha Table 1 ). Genotype and treatment by location and year interactions were also significant for yield and disease severity score. All of the interactions can be examined by comparing separate graphs for the genotype response for seed yield and disease score for each treatment and environment ( Fig. 1) . One NIL was more susceptible (higher disease score) than the other NILs within the bbSS genotype for the inoculated treatment in some locations and years, which likely contributed to the significant year and location ´ treatment ´ line (genotype) interactions for disease severity score (Supplemental Fig. 1 ). Otherwise, the NILs within genotypes had similar response for seed yield (Supplemental Fig. 2 ) and disease score across environments, which allowed us to focus on the QTL effects at the genotype level (BBSS, bbSS, BBss, and bbss).
From the seed yield and disease score severity graphs in Fig. 1 , it is evident that the resistance QTL did not reduce yield in the non-inoculated treatments for the three environments with low disease pressure (Cedara 2008 and 2009 , Delmas 2009 ). This is a very important result that suggests that the BC420 and SU91 QTL can be deployed into commercial dry bean cultivars to protect them from severe CBB epidemics without a yield penalty in CBB-free environments.
A mixture of Xap and Xff isolates (X326, Xf260, Xf410), obtained from bean production fields in the Republic of South Africa and observed to be aggressive in greenhouse tests, was used to inoculate four rows of each plot for the inoculated treatments. Inoculum was prepared from 48-to 72-h cultures grown on yeast-extract-dextrose-calcium-carbonate agar (YDC) (Schaad and Stall, 1988 ]. Plots were artificially inoculated using a Stihl SR 420 mist blower (Virginia Beach, VA) at 28, 35, and 42 d after planting. Trials conducted in Potchefstroom were irrigated prior to inoculation and thereafter at weekly intervals to enhance disease development. Trials at Delmas, Cedara, and Greytown were not irrigated, as they represent dry land production units.
Plots were rated for disease severity at mid to late pod fill when leaves were still green (about 28 d after the last inoculation) using a 1 to 9 scale (Van Schoonhoven & Pastor-Corrales 1987) , with 1 being resistant (no disease symptoms present) and 9 being completely susceptible (dead plants). Yield (kg ha −1 ) was harvested from the middle two rows of each four-row plot. Seed weight was estimated from 100 seeds (g 100 seeds −1 ) sampled from the harvested plots.
Harvested seed from each location trial in 2009 was used to examine BC420 and SU91 QTL effects on canning quality. Seed for the 16 isolines and two parents from the inoculated and noninoculated treatments was canned for all four replications using the laboratory canning method described by van der Merwe et al. (2006) . Canning tests were conducted in the quality lab at the ARC-Grain Crops Institute, Potchefstroom. Briefly, processing conditions consisted of 100 g of dry seed mass, blanched for 40 min at 88°C. A calcium chloride solution CaCl 2 -2H 2 O (10 mg kg −1 ) was used for blanching. From the blanched sample, 210 g of seed was placed in the cans, along with a tomato sauce, to a uniform can weight of 410 g. The cans (73 ´ 110 mm) were sealed and heat sterilized for 50 min at 121°C, cooled in running tap water, and stored for 2 wk prior to opening them for evaluation. Traits measured included water uptake [WU = (mass of soaked beans − mass of dry beans/mass of dry beans) ´ 100], percentage washed drain weight [PWDWT = (washed drain weight/mass of can contents) ´ 100], appearance visually rated from 1 (broken beans, loose seed coats, with dull thick sauce) to 10 (intact beans, uniform size and color, and clear broth), splits visually scored from 1 (completely broken, mushy beans) to 10 (beans without cracks or loose skins), and texture (kg 100 g −1 12 s −1
) measured with an Food Technology Corporation texture press equipped with a load cell (Hosfield and Uebersax, 1980) . Data were analyzed across locations and years in a combined ANOVA using PROC GLM (SAS Institute, 2013) . Genotype and treatment (inoculated vs. non-inoculated) were considered fixed effects and year, location, and replication as random effects. The 16 NILs and two parents were nested within the four genotypic classes BBSS, bbSS, BBss, and bbss. The resistant donor parent Teebus-BC5 was included within the BBSS genotypic class and the susceptible recurrent parent Teebus within the bbss genotypic class. Given the unbalanced nature of the data (two locations in 2008 vs. three locations in 2009 and missing data from individual plots) for yield trials, PROC GLM was chosen for the combined analysis over PROC MIXED and PROC GLMMIX, because the latter two procedures generated negative variance components The literature supports the lack of a yield penalty for SU91 in nondisease environments. Although O'Boyle et al. (2007) observed a slight yield penalty of 7% in one of two environments for black bean lines developed with the SU91 marker, many high-yielding lines with SU91 were also observed. The ABC Weihing great northern bean (Mutlu et al., 2008) with SU91 derived by five backcrosses had similar yield to the recurrent parent Weihing , 5177 versus 5107 kg ha −1 , in a recent CBBfree field trial (unpublished) that we conducted in Othello, WA, in 2015. Mutlu et al. (2005b) observed that pinto bean ABCP-8 with SU91 developed from backcrossing had higher yield than the recurrent parent 'Chase' pinto in nondiseased trials (Coyne et al., 1994) . A larger set of BC 4:5 and BC 5:6 pinto lines with SU91 had yields that were comparable with the recurrent parent Chase in a CBB-free trial conducted in Othello, WA, in 2002 (Mutlu et al., 2005a) .
There have been fewer commercial lines developed with BC420 QTL, in part because it is linked with the V locus that influences flower and seed color, which limits the use of this QTL to white-and black-seeded market types (Mutlu et al., 2005a) . Also, the recessive epistatic interaction with SU91 (Vandemark et al., 2008 ) may contribute to the loss of BC420 during the resistance breeding process. Our results show that BC420 can be deployed without a yield penalty in nondiseased environments.
Another important finding is that the CBB resistance QTL (BBSS and bbSS genotypes) provided a significant yield benefit under severe disease pressure (Potchefstroom 2008, inoculated), but not under moderate disease pressure. Therefore, deployment of these QTL may not be necessary to protect yield in regions that only experience moderate CBB epidemics. Even under severe disease pressure, SU91 alone may be enough to protect yield potential, as observed in Potchefstroom in 2008. However, the lower disease severity scores for the BBSS genotypes indicate that the two QTL, when combined, reduce inoculum more so than if deployed separately.
Based on 1 to 9 disease reaction ratings in greenhouse tests, Vandemark et al. (2008) observed a recessive epistatic interaction between the QTL, whereby lines with only BC420 (BBss) were highly susceptible (>7), while lines with only SU91 (bbSS) had intermediate reactions (3 to 4). This recessive epistatic interaction among genotypes for disease severity score (BBSS being most resistant, bbSS being intermediate, and BBss and bbss being susceptible) was observed herein, but only under the most severe disease pressure in Potchefstroom in 2008 (Fig. 1 Vandemark et al. (2008) , indicate that BC420 in the absence of SU91 may provide some protection against CBB by reducing disease severity score under conditions of low to moderate disease pressure. Regardless of yield protection, deployment of the QTL into resistant cultivars could be useful for reducing inoculum buildup and secondary spread of the disease in regions prone to CBB epidemics.
Seed Weight
The significant genotype ´ treatment, genotype ´ location, treatment ´ location ´ year, and genotype ´ treatment ´ location ´ year interactions for seed size (g 100 seeds −1 ) (Supplemental Table 2 ) can be examined by comparing the genotype means for each treatment and trial ( Table 2 ). The QTL had no impact on seed size in the environments with little to no disease pressure. Genotypes with BC420 had greater seed size overall than those that lacked the QTL (P = 0.026). Conversely, the more resistant BBSS and bbSS genotypes maintained seed size compared with BBss and bbss genotypes, which suffered 15 and 6% reduced size, respectively, under high (Potchefstroom 2008-inoculated treatment) and moderate disease pressure (Delmas 2009-inoculated treatment). Viteri et al. (2014b) noted that most large-seeded Andean dry bean lines, namely, kidney and cranberry beans, bred for CBB resistance derived from tepary bean (e.g., BC420, SU91, and Xa11.4 QTL), appeared to have smaller seed size than the commercial checks, but no actual seed size comparisons were conducted. The USDK-CBB-15 dark red kidney bean breeding line with SU91 had the same seed size (52 g 100 seeds −1 ) as the commercial 'Red Hawk' dark red kidney bean cultivar (Miklas et al., 2006b ). Conversely, USWK-CBB-17 white kidney (Miklas et al., 2006c) and USCR-CBB-20 cranberry (Miklas et al., 2011) germplasm releases with SU91 had smaller seeds than the commercial checks. For medium-seed-sized great northern bean, the seed size was the same for ABC Weihing with SU91 (41 g 100 seeds −1 ) and the recurrent parent Weihing (40 g 100 seeds −1 ) in the Othello, WA, 2015 field trial (unpublished data). The seed size for ABCP-8 pinto with SU91 was 9% less than the recurrent parent Chase (Mutlu et al., 2005b) . Seed size for the navy bean genotype HR45 (19 g 100 seeds −1 ) with BC420 QTL (Park and Dhanvantari, 1994) and OAC Rex (21 g 100 seeds −1 ), with CBB resistance similarly derived from tepary bean (Michaels et al., 2006) , was comparable with the standard check cultivars.
Based on our results and the mixed results from the literature, it appears that SU91 and BC420 do not have a negative association on seed size in small-seeded market types (navy, black, etc.). Although there is a precedent for developing lines with SU91 QTL with commercially acceptable seed size in larger-seed-sized market classes (e.g., ABC Weihing and USDK-CBB-15 dark red kidney), deployment of SU91 and BC420 into mediumand larger-seed-sized market types will continue to require a concerted effort from breeders to achieve commercial seed size, particularly when the resistance donors have small seed size initially.
Canning Quality Traits
Water uptake was below the optimum of 80% (Hosfield 1991) for all QTL genotypes (41%), including Teebus (51%), the commercial standard, and recurrent parent for the isolines (Fig. 2) . A few factors contributed to the low WU: (i) laboratory canning procedures in general have lower WU than industrial canning protocols (Balasubramanian et al., 2000) ; (ii) Teebus is a cultivar with low WU to begin with, as it exhibited 53% WU in a previous study (van der Merwe et al., 2006) ; (iii) the location Delmas (25%) had extremely low WU compared with Cedara (47%) and Potchefstroom (51%), which reduced WU overall and contributed in part to the genotype ´ location interaction (Table 3) ; and (iv) genotypes with BC420 (29%) had significantly less WU than those without the QTL (53%). It is important to note that there were no effects due to inoculation treatment on any of the canning traits, so those results are omitted.
The genotype ´ location interaction for WU was a result of magnitude differences in genotype response across environments, so the results are summarized across environments (Fig. 2) . The significant line within genotype effect and line within genotype ´ location interaction are due primarily to two NILs that did not fit the response of the other NILs within the same genotypic class. The NIL BBSS-55 had increased WU that was similar to the bbSS and bbss NILs, and the WU for bbss-106 was intermediate to those NILs with or without BC420. The relative response for these NILs was consistent across locations, although the WU was much lower for the Delmas location. The disease severity score for BBSS-55 was higher (more susceptible) (Supplemental Fig. 2 ) compared with the other BBSS NILs and donor parent Teebus-BC5 in 2009, but not in 2008 trials, which suggests perhaps that seed of this NIL may have become mixed between years. The disease score for the bbss-106 NIL was consistently susceptible between years. It is likely that bbss-106 has some genetic component other than BC420 that slightly reduces WU. The key finding for WU is that genotypes with BC420 had 24% less hydration, which could adversely affect canning quality.
Although WU was well below optimum, PWDWT was near the optimum of 60% established for navy bean (Balasubramanian et al., 2000) , ranging from 57% (BBss at Cedara) to 65% (bbSS at Potch). Teebus, the recurrent parent, was 63%. Across locations, BBSS and BBss (59%) had significantly lower PWDWT than bbSS and bbss (63%) genotypes (P = 0.0002). Percentage washed drain weight and WU were significantly correlated (r = 0.76; P < 0.0001). Moreover, decreased WU (−0.30; P < 0.0001) and PWDWT (−0.32; P < 0.0001) were associated with more splits, which supports the rationale that dry bean seeds with lower WU absorb more moisture in the can to the point of splitting, which causes excess solid loss and reduced PWDWT. Even so, genotypes with low WU in this study were able to achieve an acceptable level of PWDWT. Note that the same BBSS-55 NIL with high WU had high PWDWT compared with the other NILs within the same genotype class (BBSS), which contributed in part to the significant line-within-genotype effect. There were no significant genotype effects for splits. Table 2 . Mean seed weight for 16 near-isogenic lines (NILs) nested within four common bacterial blight (CBB) resistance quantitative trait loci (QTL) genotypes (4 BBSS, 4 bbSS, 4 BBss, and 4 bbss), donor parent Teebus-BC5 (BBSS), and recurrent parent Teebus (bbss) with and without the SU91 and BC420 QTL for reaction to CBB in an inoculated (Inoc) treatment with a mixture of the pathogen isolates X. fuscans sbsp. fuscans (Xf410, Xf260) and X. axonopodis pv. phaseoli (X326) and noninoculated (Non) control treatment conducted in trials with four replications across five environments (Cedara and Potchefstroom in 2008; Cedara, Delmas, and Potchefstroom in 2009) , which is well below the optimum value of 72 kg 100 g −1 12 s −1 for navy bean (Hosfield and Uebersax, 1980) . Even so, Teebus and the softer bbss and bbSS genotypes had slightly better visual appearance (8.0), compared with 7.1 for the firmer donor parent Teebus-BC5 and the BBSS and BBss genotypes. Dry bean seeds with low WU after blanching would expect to absorb more water in the can and become softer, but in this study, it appears that seeds with low WU absorbed less water in the can, remaining firmer but with lower, less-appealing visual appearance scores. This is supported by the significant negative correlation between firmer texture and reduced visual appearance (r = −0.52; P < 0.0001). Perhaps BC420 contributes to hard seed coats that reduced WU during blanching and cooking. The genotype ´ location and line (genotype) ´ location interactions for texture were due mostly to differences in magnitude between genotypes across locations. The same BBSS-55 NIL with greater WU was less firm than the other NILs within the same genotypic class.
Although BC420 genotypes (BBSS, BBss) had drastically lower WU and increased firmness compared with Teebus, the visual appearance was only slightly reduced by 0.9 on the 1 to 10 scale, indicating BC420 did not severely reduce canning quality. Similarly, canning quality was normal for navy bean HR45 with BC420 QTL (Park and Dhanvantari, 1994) . It is recommended that canning quality be monitored in other breeding materials and market classes where BC420 is being deployed for resistance to CBB.
CONCLUSION
The effects of CBB resistance QTL BC420 and SU91 on seed yield, disease severity, seed weight, and canning quality were examined in NILs (developed from the recurrent parent Teebus, a small white dry bean) tested across five field environments and two disease treatments (inoculated and non-inoculated). There was no significant yield penalty observed for either BC420 or SU91 in the non-inoculated treatments in environments with low disease pressure, indicating that the QTL can be deployed without harming yield potential in environments that lack CBB. The SU91 QTL contributed a significant yield advantage under severe disease pressure. The BC420 QTL by itself (BBss) exhibited some effect for reducing disease severity in the field, while earlier greenhouse inoculations showed no effect (Vandemark et al., 2008) . The QTL helped to maintain seed size under moderate to high disease pressure and did not exhibit any effect on seed size under no or low disease pressure. Canning quality was adversely affected by BC420 QTL. Genotypes with BC420 had substantially lower WU, which influenced subsequently measured traits. The PWDWT was lower, texture was firmer, and visual appearance was slightly less appealing for those genotypes with BC420. Even with this slightly negative affect on canning quality, BC420 and SU91, in combination, are recommended for effective control of CBB epidemics with high to moderately high disease pressure. However, it is warranted that breeders continue to closely monitor BC420 for effect on canning quality in dry beans. 
